Extraction of uranium by 1.1 M TBP dissolved in 1-octyl-3-methylimidazolium hexafluorophosphate (omimPF6) ionic liquid (IL) as diluent has been studied as a function of concentration of nitric acid and uranium and that of temperature. The results are compared with those of extraction in 1.1 M TBP in 1-butyl-3-methylimidazolium hexafluorophosphate (bmimPF6). Distribution ratios (D) for extraction of uranium in 1.1 M TBP/omimPF6 were marginally less than those for extraction by 1.1 M TBPIbmimPF6 at all nitric acid concentrations. The D values increased with increase in the concentration of nitric acid but decreased with increase in the concentration of uranium and temperature. In contrast to the behavior of I.1 M TBP/n-dodecane, D values for uranium continued to increase even for nitric acid concentrations higher than 5 M, when IL acted as diluent. Solubility of omimPF6 in nitric acid was 2-3 times less as compared to bmimPF6. The overall enthalpy change (AHtot) for the extraction of uranium in 1.1 M TBP/omimPF6 was found to be more exothermic than for extraction by 1.1 M TBPIbmimPF6. This behavior can be attributed to the lower extent of protonation of TBP in omimPF6 phase. Viscosity of TBP IL increased when butyl group was substituted with octyl group in IL.
Introduction
Room temperature ionic liquids (RTILs) are gaining recognition in various industries including nuclear reprocessing industry owing to their impressive physical, chemical, and environmentally benign properties. 16 Rogers and co-workers have published a number of reports pertaining to the possible application of ionic liquids for separating fission products and actinides from nuclear wastes.
The ionic liquids (ILs), as the name implies, consist entirely of ions existing in liquid state and have negligible vapor pressure and low flammability as compared to volatile molecular organic compounds such as chloroform, dodecane (DD) etc., which are used as the diluents in solvent extraction processes. Several workers have employed either crown ether with ILs as diluents for extracting 90Sr and 137Cs or actinide specific extractants diluted with ILs for extracting f-block elements.
The main difference observed was that these extractants in conjunction with ILs exhibited substantially higher extraction of target metals from aqueous solutions under the conditions, which gave negligible or meager extraction with customary diluents. Recently, Visser et al. have introduced task-specific ionic liquids (TSILs) incorporating specific extracting moieties linked to the imidazolium part of the IL. It was reported that these TSILs exhibit very high distribution ratios for Hg2+ and Cd2+ when nctionalized with sulphur containing moieties,15 and for Pu4+, Am3+ and UO2 2+ when functionalized with carbamoylmethylphosphine oxide moieties.
In addition, Chun et al. have studied the structural variation in 1-alkyl-3-methylimidazolium hexafluorophosphate ILs for investigating the variation in selectivity for alkali metal ion extraction. It was found that by increasing the chain length of alkyl group attached to the imidazole, the efficiency of extraction decreased where as the selectivity increased. Recently we have also studied the extraction of uranium by tri-n-butylphosphate (TBP) in 1-butyl-3-methylimidazolium hexafluorophosphate (bmimPF6) and reported that bmimPF6 also extracts uranium. In contrast to the extrac-tion behavior exhibited by TBP/n-dodecane, the distribution ratios of uranium in 1.1 M TBP/bmimPF6 continued to increase even above 5 M nitric acid. The extraction equilibrium was similar to that of uranium extraction by T P/DD.
While the investigation of ILs as diluents for reprocessing has yielded promising results, the possible chemical and radiolytic degradation6 and mechanistic aspects of extraction are also being simultaneously investigated owing to the importance of actinide recovery. Swatloski et al. have reported the formation of 1-butyl-3-methylimidazolium fluoride from the decomposition of 1-butyl-3-methylimidazolium hexafluorophosphate.
Carda-Broch et al. have studied the physicochemical properties of bmimPF6 and reported a solubility of 1.8 wt% in water. Alfassi et a1. have investigated the solubility of various ILs in water by electrospray ionization mass spectrometry and reported the solubility of bmimPF6 as 1.8 wt%. Further, substitution of PF6 anion with bulkier imide anion was found to decrease the solubility.
Gutowski et al. have studied the extraction of actinides and fission products using imide based ILs to avoid the solubility of PF6-base ILs in water. Visser et a1. have reported the solubility of bmimPF6 as 1.2 M when equal volumes of bmimPF6 or crown ether dissolved in bmimPF6 was contacted (2-4 min) with 8 M nitric acid. Antony et al. have studied the thermodynamic aspects of imidazolium based ILs in water and reported the solubility of bmimPF6 as 2 wt% in water. It was reported that the solubility decreased to 0.7 wt% when a butyl group was replaced by lengthier octyl groups in 1-alkyl-3-methylimidazolium hexafluorophosphate (amimPF6). It is, thus, obvious that by changing the cation and anion combination in ILs the solubility of Its can be altered. This paper deals with the extraction of uranium by TBP/ omimPF6 from nitric acid medium and compares the results with those obtained for TBP/bmimPF6. The effect of concentration of HNO3 and uranium and that of temperature on the distribution coefficient of uranium has been studied. Solubility of amimPF6 and TBP/amimPF6 in nitric acid medium and the *Corresponding author . E-mail: vasu@igcar.ernet.in. FAX: +91-4114-280065. J. Nucl. Radiochem.
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Experimental
Materials: All the chemicals and reagents used were of analytical grade. 1-Methylimidazole, 1-chlorobutane, and hexafluorophosphoric acid were procured from Lancaster, UK. 1-Chlorooctane was obtained from E. Merrck. 1-Methylimidazole was distilled before use and other chemicals were used without any purification. TBP and uranyl nitrate were obtained from E.Merck, Mumbai.
Preparation of ionic liquids. The procedure adopted for preparing the ILs is described elsewhere.' Briefly it involves refluxing a mixture of 1-methylimidazole with chloroalkane in the mole ratio of 1:1.2. The resulting product was washed few times with ethylacetate followed by acetonitrile and evaporated under vacuum. Nearly quantitative yield was obtained. The hexafluorophosphate IL was then prepared by adding a precooled liquid of hexafluorophosphoric acid (1.3 mol) to the mixture containing 1-alkyl-3-methylimidazolium chloride (1 mol) in water kept at -5°C. The entire mixture was stirred for 2 days and the bottom IL layer was separated and washed several times with water until the aqueous solution was no longer acidic. The IL was heated to remove moisture at 70°C using rotary evaporator. An yield of 60% for bmimPF6 and 82% for omimPF6 was obtained. Elemental analysis yielded for bmimPF6: C 33.81 (33.80), H 5.31 (5.32), N 9.85 (9.86) P 10.9 (10.9) and for omimPF6: C 42.52 (42.35), H 6.79 (6.81), N 8.28 (8.23) P 9.1 (9.1). IR bands: 3175, 3122 cm-1 (C-H stretch) imidazole ring, 2964, 2932, 2868 cm 1 (C-H stretch) aliphatic, 1564, 1465, 1 168 cm-1 imidazole ring symmetric stretch, 1425, 1378 (MeC-H asymmetric stretch), 834 cm 1 (P-F stretch).
Extraction studies. All the extraction studies were carried out at 298 K with 1:1 organic to aqueous phase ratio, unless otherwise mentioned. 1.1 M TBP in amimPF6 was prepared and pre-equilibrated with desired nitric acid concentration. Extraction of uranium as a function of nitric acid concentration was studied by equilibrating 2 mL of organic phase i.e. 1.1 M TBP/amimPF6 with 2 mL of nitric acid solution containing 233U tracer . The concentration of nitric acid in the test solution was varied from 0.01 M to 8 M. After three hours of equilibration, the radioactivity of 233U distributed between organic and aqueous phases was measured by liquid scintillation counting. The distribution ratio (D) of uranium and % extraction (E) were calculated using eqs 1 and 2. 
Results and Discussion
A comparison of distribution ratios of uranium in amimPF6 and 1.1 M TBP/amimPF6 as a function of nitric acid concentration is shown in Figure 2 . Modest D values were obtained when amimPF6 alone acted as extractant and the D values varied from 0.004 (-0.3% extraction) to 0.41 (-30% extraction) when the concentration of nitric acid was varied from 0.01 to 8 M. This behavior could be attributed to the solubility of uranyl nitrate species in ILs, which are known for dissolving and stabilizing a wide variety of ionic salts.
The increase in the solubility with increase in [HNO3] could be due to the increased formation of species such as, [UO2(NO3)2], [UO2(NO3)3]-which can be extracted by the solvation/ion in close agreement. Thus, it would appear that both the imidazolium and hexafluorophosphate ions distribute to the aqueous phase and there is no preferential stripping/ion exchange of cation or anion, when IL is contacted with nitric acid. The solubility of bmimPF6 and omimPF6 in 0.01 M nitric acid was found to be 1.9 wt% and 0.9 wt% respectively, which is in close agreement with the values reported for these ILs in water. Solubility of IL in nitric acid is one of the important parameters from the PUREX process point of view. Visser et a1. have reported the solubility of bmimPF6 as 1.2 M when equal volumes of bmimPF6 or crown ether dissolved in bmimPF6 was contacted (2-4 min) with 8 M nitric acid. Figure 3 compares the aqueous phase solubility of amimPF6 and 1.1 M TBP/amimPF6 as a function of nitric acid concentration. The solubilities of both the ILs increase with increase in the concentration of nitric acid and the presence of TBP in IL enhances the solubility. However, the solubility of omimPF6 IL is 2-3 times lower depending upon [HNO3], as compared to bmimPF6. The rate of distribution of IL to the aqueous phase and acid extraction by organic phase are shown in Figure 4 . It can be seen that rapid extraction of acid takes place and the equilibrium is established in five minutes. Similarly, the solubility of IL reaches the saturation value in less than 10 minutes of equilibration. The acid extraction isotherm of Its and 1.1 M TBP/ILs are shown in Figure 5 . The concentration of acid extracted by the organic phase increased with increase in the concentration of nitric acid present in the aqueous phase in both the cases. But the amount of acid extracted by omimPF6 was 2-3 times lower than the corresponding value for bmimPF6. Figures 6a, 6b, and 6c show the IR spectra of 1.1 M TBP/ diluents (diluent is n-dodecane, bmimPF6, or omimPF6) equilibrated with various nitric acid concentrations. A doublet at 1281cm-1 and 1269 cm-1 can be assigned to the P=0 stretching of 1.1 M TBP/DD and it gets broadened and shifts to 1234 cm 1 and 1210 cm 1 respectively when 1.1 M TBP/DD is equilibrated ƒÅ=ƒÅ oeEa/RT (4) where ƒÅo and R are pre-exponential factor and gas constant respectively. The plot of In i against 1/T is shown in Figure  9 . Figure 8 . Variation in the viscosity of ionic liquids as a function of temperature. Figure 9 . Arrhenius plot for the variation of viscosity with temperature for various ionic liquids and 1.1 M TBP/IL.
